Abstract-Studies of the impact of inorganic phosphorus (P i ), an important nutrient, on the growth and physiological parameters of single-celled algae are important for investigations of the dynamics of phytoplankton abundance and productivity in natural ecosystems as well as in industrial systems for the cultivation of microalgae. Difficulties in carrying out such studies are associated with the complex kinetics of P i uptake by cells and the ability of microalgae to store phosphorus in their cells. This situation necessitates efficient methods for express monitoring of microalgal cultures, such as the methods based on the registration of optical properties of cells, in particular absorption and scattering of light and fluorescence of chlorophyll contained in the cells. Here, the results of monitoring the cultures of the chlorophyte Chlorella vulgaris IPPAS C-1 starving for phosphorus are described. It was found that both optical (light absorption in the bands of the key pigments-chlorophylls and carotenoids) and luminescent (variable fluorescence of chlorophyll) parameters closely reflect the culture condition. Registration of optical properties required correction for the contribution of light scattering to the overall extinction of light by microalgal cell suspensions. At the same time, the light scattering signal is an accurate measure of the total number of suspended particles in the suspension. However, it is difficult to monitor cultures containing a significant amount of light-scattering particles lacking photosynthetic pigments (such as heterotrophic bacteria). For such cultures, the use of variable fluorescence-based parameter Fv/Fm reflecting the maximum photochemical efficiency of the photosystem II is advisable.
Possibilities of Optical Monitoring of Phosphorus Starvation in Suspensions of Microalga Chlorella vulgaris IPPAS C-1 (Chlorophyceae)
INTRODUCTION Phosphorus is a key biogenic element crucial for storing and transferring energy and information in the living cell, including unicellular algae (microalgae) cell [1] . Oligotrophic conditions are characteristic of most aquatic ecosystems; it is the supply of phosphorus that determines the dynamics of the abundance and productivity of phytoplankton in many cases. Uncontrolled discharge of phosphorus-enriched wastewater causes outbreaks (bloom) of microalgae, including toxic algae, and eutrophication in natural water bodies. On the other hand, the cultivation of microalgae is considered to be a promising method for biological wastewater treatment, ensuring the sustainable use of nonrenewable phosphorus resources [2, 3] .
In this connection, it is extremely important to understand the relationship between the supply of phosphorus, the kinetics of growth (fission), and the functional condition of microalgae cells. However, the study of these relationships in microalgae is hampered by the complex kinetics of phosphorus uptake from the environment, and by the abundance and diversity of intracellular phosphorus resources in these organisms [4] . Methods of analytical determination of phosphorus content in media and biological objects are complex and require considerable amounts of time and expensive equipment. Express methods are needed to monitor the condition of cultures and detect reliably stresses caused by phosphorus deficiency as well as changes induced by the phosphorus re-feeding.
BIOPHYSICS
The above criteria are met by methods based on recording the optical properties of cells, such as light absorption and scattering by cultures, as well as fluorescence of the chlorophyll contained in the cells. Currently, these methods are widely used to assess the state of microalgae and its changes under the influence of nitrogen deficiency or excess in natural water bodies [5, 6] and artificial cultivation systems (photobioreactors) [7] [8] [9] [10] . However, the available literature lacked publications on optical monitoring of changes under phosphorus starvation and phosphorus re-feeding. One of the key difficulties in using optical methods for monitoring of cultures is related to the selection of suitable spectral indices and/or fluorescence parameters. This paper describes the results of the use of optical methods for monitoring the phosphorus starvation of the green microalga Chlorella vulgaris IPPAS C-1.
MATERIALS AND METHODS
Chlorella vulgaris strain IPPAS C-1 was obtained from the IPPAS collection (Timiryazev Institute of Plant Physiology, Russian Academy of Sciences). The cells were cultured in complete BG-11 [11] or phosphorus-free (BG-11/-P) medium in a self-designed annular photobioreactor (suspension layer 2 cm thick, 2 L volume) at 28°C, light intensity 130 μmol PAR quanta m -2 s -1 , and aeration. The cultivation was carried out at a constant pH of 7.0-7.5, which was maintained by direct injection of CO 2 into the culture through a magnetic valve with a pH controller design ed in-house.
The preculture of C. vulgaris was grown in 300 mL of complete BG-11 medium in Erlenmeyer flasks (500 mL) in an INNOVA 44R shaker (New Brunswick, United States) at 28°C, 70 μmol PAR quanta m -2 s -1 , and 120 rpm. Before culturing in the photobioreactor, the cells were harvested by centrifugation (5 min at 3000g), washed with the BG-11/-P medium and resuspended in 2 L of the same medium (initial OD 678 0.5). During the cultivation, OD 678 was maintained below 0.5 units, by daily diluting the culture with the BG-11/-P medium. The moment of cell division arrest was considered as the onset of phosphorus starvation. To resume the growth of the culture, within 24 h from this moment, P i was added in the form of KH 2 PO 4 (final concentration 180 μmol/L).
The number and size distribution of the cells in the suspension samples were determined using a Multisizer 3 particle analyzer (Beckman-Coulter, United States). Visually, the culture was monitored under a DM2500 optical microscope (Leica, Germany). The content of inorganic phosphate (P i ) in the medium and total phosphorus in the cells was determined using a chromogenic reaction with molybdenum blue [12] . The content of nitrate nitrogen in the medium was determined by ion-exchange high-performance liquid chromatography using an ICS 1600 chromatograph (Thermo Scientific, United States). The registration of fluorescence induction curves of chlorophyll and optical absorption spectra of the suspension was carried out with the help of flow detectors of our own design according to the protocol described earlier [13, 14] .
The measured absorption spectra were corrected for light scattering in the following manner [13, 15] : the D(λ) spectra were taken at the standard placement of the cuvette near the entrance window of the integrating sphere of the spectrophotometer and 1 cm away, which corresponded to the light collection angles γ 0 and γ I . The absorption spectra compensated for scattering were calculated as where (λ) is the spectrum compensated for the light scattering; D(λ; γ 0 ) is the spectrum recorded at the standard location of the cuvette, D(λ; γ I ) is the spectrum recorded at the remote location of the cuvette, and , is the optical density in the near infrared region (760−800 nm) in which the pigments do not have significant absorption.
The chlorophyll fluorescence induction curves were recorded using a Mega-25 fluorometer developed at the Chair of Biophysics of the Department of Biology of Moscow State University [5] . A blue LED (450 nm, 7500 μmol quanta m -2 s -1 ) was used to excite the fluorescence. Fluorescence was detected in the region of 670-800 nm. The duration of recording of the induction curve was 1 s. Based on the recorded chlorophyll fluorescence induction curves, the Fv/Fm value reflecting the maximum quantum efficiency of photochemical reactions in the photosystem II was calculated:
where Fm is the maximum and Fo is the minimum fluorescence intensity of chlorophyll [6, 7] .
Cultivation experiments were carried out in three successive independent replicates (cycles), the results of which are shown in the figures. To calculate the correlation coefficients in the Origin 8.0 program (Microcal, United States), the results obtained in all cycles were combined (n = 37, the correlation coefficients are significant at the significance level of 0.01).
RESULTS AND DISCUSSION
In this study, a significant amount of data on the culture condition was recorded, including absorption spectra in the 400-800-nm range and chlorophyll fluorescence induction curves with a time resolution of 1 μs. As a result, the absorption values in the region of the long-wave absorption maximum of chlorophyll (678 nm) and in the band of joint absorption of chlorophylls and carotenoids in the blue region (490 nm) were selected for the study. The optical density in these bands was analyzed both individually and as the OD 490 /OD 678 ratio (Fig. 1) . This ratio is a sensitive indicator of the magnitude of stress in microalgae, including stress caused by deficiency of biogenic elements [10, 14] . In addition, we used optical density values in the near infrared region (800 nm) free from the effect of light absorption by pigments but carrying information about the number, size, and shape of cells and other particles in the suspension samples [13] . Based on the chlorophyll f luorescence induction curves, we calculated the Fv/Fm value, which is widely used for monitoring of the physiological condition of microalgae [7] [8] [9] [10] .
The conditions of cultivation experiments were chosen so as to create phosphorus deficiency in the microalgae culture but to exclude the deficiency of other elements of mineral nutrition and the lack of light energy. It is significant that the growth of culture continued in the first few days after resuspension of C. vulgaris cells in a phosphor-free medium and the culture had to be diluted in order to prevent light linitation of the cell growth (Fig. 1) . Apparently, the delay in phenotypic manifestation of phosphorus deficiency coincides with the period of expenditure of intracellular phosphorus reserves [16] . There was a slow-down of cell division only after 48-72 h, followed by cell division arrest. Cell division resumed 2-4 h after the addition of P i (final concentration 180 μmol/L) to the medium. It should be noted that the added P i was completely absorbed by the microalgae cells within 2 h (data not shown). A typical experiment included three consecutive P i -addition-absorption cycles (Fig. 1) . These processes were accompanied by directed changes in the optical properties of the suspension, reflecting both an increase in the number of cells and the accumulation of photosynthetic pigments in the culture (Fig. 1a) . The kinetics of changes in the OD 490 /OD 678 ratio in each cycle of the experiment was biphasic: it increased under phosphorus deficiency, reaching the maximum at the moment of cell division arrest, and decreased after P i addition (Fig. 1b) . Judging by the simultaneously recorded changes in OD 678 reflecting the dynamics of the chlorophyll content and according to previously published data [10, 14] , such changes in OD 490 /OD 678 indicate a reduction in the photosynthetic apparatus (decrease in chlorophyll content) when acclimated to phosphorus deficiency under high-intensity light (130 μmol m -2 s -1 PAR). The trend of changes in the Fv/Fm index based on chlorophyll fluorescence was the opposite (Figs.  1a, 1b , right scale): stress caused by phosphorus deficiency led to a decrease in the efficiency of photochemical reactions and, as a consequence, to a drop in the variable fluorescence of chlorophyll. The probable cause of this process is the induction of nonphotochemical quenching, a common response of microalgae to stressors of various nature [17, 18] . It should be noted that the efficiency of the optical index (OD 490 /OD 678 ) in gauging the intensity of stress caused by phosphorus deficiency depended on the presence in the suspension of particles scattering light but lacking photosynthetic pigments and, hence, on the correction of the spectra for the contribution of light scattering (Fig. 2 , also see other works [13, 14] ). The results of analysis of the particle distribution in suspension samples taken at different stages of the experiment showed that, under our experimental conditions, the cultures in the logarithmic growth phase (curve 1 in Fig. 2a ) mainly contain microalgal cells (diameter of approximately 4 μm) and a fraction of small particles (<1 μm), probably represented by cell debris, heterotrophic bacteria, and other particles. In the early and, especially, late stationary stages of growth (curves 2 and 3 in Fig. 2a) , the fraction of fine particles increased, and particles approximately 2 μm in size were observed (likely, bacterial cells). At the same time, the number of microalgal cells in the cultures experiencing severe phosphorus deficiency (curve 3 in Fig. 2a ) decreased significantly. The accumulation of light scattering particles significantly increased the turbidity of the suspension (OD 800 in Fig. 1a) . This reduced the correlation strength between the optical (OD 490 /OD 678 ) and luminescent (Fv/Fm) parameters reflecting the condition of the culture (up to r 2 = 0.70, Fig. 2b ). When we calculated the OD 490 /OD 678 index using the optical density values corrected for the contribution of light scattering [13] , the correlation improved (r 2 = 0.84; Fig. 2b ).
Accordingly, for the registration of the physiological condition of the culture under stress caused by phosphorus starvation, it is possible to use both indicators. However, in order to obtain correct results using OD 490 /OD 678 , it is necessary to compensate the measured spectra for the contribution of light scattering to the overall attenuation of light by a suspension sample. It is important to note that even using a spectrophotometer with an integrating sphere does not completely solve this problem. One way to compensate for the contribution of light scattering is to measure two absorption spectra with the cuvette containing the sample placed at two different distances from the detector [13] . Practical implementation of this approach in an automated system will require the use of a two-channel flow spectrometer, which is expensive and not always practical. Perhaps the method of recording spectra with opal glass [19] will be more suitable for automated measurements of absorption spectra corrected for interference due to light losses associated with light scattering.
Along with assessing the degree of phosphorus starvation, the complex registration of the condition of the culture will require, at least, information about the dynamics of biomass accumulation (the increase in the number of cells or the accumulation of chlorophyll by culture). Counting the cells manually takes a lot of time and does not give reliable results, and flow cell counters are expensive and difficult to maintain. For use in automated systems for the cultivation of microalgae, it appears to be optimal to register the dynamics of the number of cells indirectly (changes in optical density). Spectral absorption bands of photosynthetic pigments both in the visible region and outside it (in the near-IR region) can be used to detect the turbidity of the suspension associated with the number of light-scattering particles (cells). In our experimental conditions, the optical density at 490 and 678 nm strongly correlated with the number of cells, as well as extinction at 800 nm, while the relationship between these parameters and the number of cells was close to linear (Fig. 3) . It is also significant that this correlation persisted in a wide range of the culture density, while the optical density remained within the range of 0.2-2.0, which ensured a high photometric accuracy of the method.
Thus, optical and luminescent parameters are convenient and reliable markers of the physiological condition of the microalgae culture under varying phosphorus supply conditions. At the same time, light absorption measurements should be carried out using a correction for the contribution of light scattering to the overall attenuation of light by a sample of a suspension of microalga cells. The intensity of stress caused by phosphorus deficiency is adequately reflected by the OD 490 /OD 678 and Fv/Fm values associated with the functional condition of the photosynthetic apparatus. The luminescence parameter Fv/Fm is more sensitive and, under our experimental conditions, less susceptible to interference from light scattering. 
